nial vault remodeling between 1990 and 2013 at a single multidisciplinary institution; 2) to obtain pre-, intra-, and postoperative data retrospectively from this cohort; and 3) to assess whether an association exists between timing of surgery and major or minor surgical revisions.
Methods study Design/sample
After approval was obtained from the Johns Hopkins School of Medicine Institutional Review Board, retrospective chart review was conducted for patients with NSC who underwent cranial vault remodeling between 1990 and 2013 at the Johns Hopkins Hospital. These patients underwent surgery because of 1) clinical findings of an abnormal head shape consistent with craniosynostosis, and/or 2) radiological evidence of a fused cranial suture, and/or 3) clinical or radiological impression of elevated intracranial pressures. All patients were selected based on the following inclusion criteria: 1) age between 1 month and 18 years, 2) confirmed diagnosis of NSC, and 3) no history of previous cranial vault remodeling. Exclusion criteria included: 1) absence of follow-up, 2) primary cranial vault reconstruction performed at another institution, and 3) suspected positional plagiocephaly. Of note, timing of surgery was not determined by institutional protocols or clinical pathways. Timing was largely dependent on age at presentation to our tertiary referral center.
Predictor/outcome variables
Demographic information including sex, race, and age at time of surgery was recorded for all patients who qualified for inclusion in the study. Other patient characteristics, including suture involvement, medical comorbidities, surgical procedure, postoperative complications, length of hospital stay, last follow-up, and need for surgical revisions were also collected. Postoperative outcomes were assessed by assigning each primary cranial vault procedure to a Whitaker category 27 based on follow-up descriptions by the neurosurgical and plastic surgery teams. Category I signified an excellent result requiring no additional surgery, Category II signified soft tissue and lesser bone contouring requiring minor revisions, Category III signified major alternative osteotomies or bone grafting requiring more extensive revisions, and Category IV signified the need for major surgical revision, essentially duplicating the original surgery. Whitaker Categories I and II and Whitaker Categories III and IV were combined for the analysis to increase statistical power. In cases in which planned 2-stage remodeling was perfored only the first procedure was included in the analysis. Patients were grouped by age at the time of surgery as follows: age < 6 months and age > 6 months.
statistical analysis
Statistical analysis was subsequently performed to assess for any associations between age at time of surgery and postoperative outcomes as recorded by Whitaker category. Potential confounders such as patient characteristics, surgical procedure, and comorbidities were stratified by age at time of surgery and were compared using a chisquare analysis. Mean length of stay and patient followup time were compared using the Student t-test analysis. Univariate logistic regression was then used to look for associations between age at time of surgery and Whitaker category. All patient characteristics that showed significance at alpha < 0.05 (2-tailed) in chi-square analysis were then assessed against Whitaker category using univariate logistic regression. Variables that were significant at alpha < 0.05 (2-tailed) in univariate logistic regression were included as covariates in multivariate modeling. A subanalysis by age group was also performed to assess for any association between surgical procedure and Whitaker category. Lastly, multivariate logistic regression was used to determine odds ratios (ORs) for minor versus major surgical revisions based on age at the time of surgery. The covariates that were used in this model include coronal suture fusion, the presence of hydrocephalus, CSF shunt, use of hardware during the surgical procedure, and anterior and posterior cranial vault remodeling. A p value < 0.05 was considered statistically significant. All de-identified data were iteratively entered into a statistical database (Stata/MP software, v. 12, StataCorp) for analysis.
results

Patient Characteristics
During the 23-year study period, 545 unique patients underwent cranial vault remodeling procedures for NSC. Of these patients, 42 were lost to follow-up, 37 had undergone their primary cranial reconstructions at other institutions, and 53 had suspected positional plagiocephaly. Therefore, only 413 patients met the specified criteria and were included in the analysis (Fig. 1) .
Of the 413 patients, 254 (62%) were male, 338 (82%) were white, 52 (13%) were African American, and 8 (2%) were Hispanic. Fusion of a single suture was observed in 282 patients (68%), fusion of 2 sutures was observed in 33 patients (8%), and fusion of 3 or more sutures was observed in 29 patients (7%). Suture involvement was not specified in 69 patients (17%). The most common isolated suture fusion was sagittal synostosis, present in 142 patients (30%), followed by metopic synostosis, which was present in 81 patients (17%). Of the multiple-suture synostoses the most common presentation was sagittal and metopic suture fusion, present in 14 patients (3%). Cranial vault remodeling procedures were categorized as anterior in 175 patients (42%), posterior in 90 (22%), and subtotal in 37 (9%) and as multiple strip craniectomies in 107 (26%). The average length of stay was 5 days and the average duration of follow-up was 5 years (Table 1) . Among the operating neurosurgeons and plastic surgeons, chi-square analysis revealed no statistically significant differences with respect to timing of surgery or outcomes of surgery. Helmet therapy as an adjunct for open calvarial modeling was not part of our standard protocol.
surgical timing, Procedure, and outcomes
One hundred forty-six patients (35%) of those who underwent cranial vault remodeling were under the age of 6 months at the time of surgery; 267 patients (65%) were older than 6 months ( Table 2 ). The outcome of the proce-dure was classified as Whitaker Category I in 289 cases (70%), Category II in 65 cases (16%), Category III in 13 cases (3%), and Category IV in 46 cases (11%) (Fig. 2) .
association between surgical timing and whitaker Category
Whitaker categories were grouped together into no or only minor revision required (Whitaker I/II) and major revision required (III/IV). Univariate logistic regression analysis of age at time of primary surgery against Whitaker category (Table 3 ) demonstrated that patients operated on before 6 months of age had a decreased odds (OR 0.57, 95% CI 0.33-0.99) of requiring no revision or only minor revisions compared with patients operated on after 6 months of age. Results of the multivariate analysis (Table  3) showed age less than 6 months at time of surgery was associated with increased odds (OR 2.49, 95% CI 1.05-5.93) of requiring major revision surgery. Similarly, age less than 6 months was associated with decreased odds (OR 0.37, 95% CI 0.16-0.86) of requiring no or only minor revisions (Table 3) .
Discussion
Much progress has been made since 1888 when the first attempt at surgical correction of craniosynostosis was performed. 11 However, despite these advances, there is still no clear approach to the management of craniosynostosis. Authors of various studies have come to advocate for different surgical techniques and timing of intervention but a general consensus has yet to be reached. 4, 7, 21, 26 Given that the infant calvaria undergoes significant changes within the 1st year of life, timing of surgical intervention is of particular interest. When deciding on the appropriate time for surgical intervention, the surgeon must consider the plasticity of the infant calvaria, the need to support rigid fixation, and the calvaria's ability to heal osseous defects, while not delaying treatment and jeopardizing neurological function. 9, 15, 18 In this study we sought to examine our institution's experience treating 413 consecutive cases of NSC to determine the optimal timing for surgical intervention. Patients were grouped by age at the time of surgery (< 6 months, > 6 months) and outcomes were assessed using Whitaker categories. 27 The age cutoff of 6 months was chosen according to the changing properties of the infant calvaria. 15, 18, 20, 25 Our analysis revealed that our institution's rate of major revision surgery was 14% (n = 59). This is comparable to recent studies that have demonstrated rates ranging from 6% to 19.5%. 13, 17, 20, 28 Overall, we classified 289 (70%) outcomes as Whitaker I, 65 (16%) as Whitaker II, 13 (3%) as Whitaker III, and 46 (11%) as Whitaker IV. When analyzed by patient age, our results demonstrated that patients who were operated on before 6 months of age had a higher likelihood of requiring major revision surgery (Table 3 ). This finding was statistically significant in the multivariate analysis that controlled for confounders such as procedure type and disease severity (i.e., hydrocephalus). More specifically, we found that 18% of patients (n = 27) who were operated on when they were younger than 6 months had outcomes that were classified as Whitaker III/ IV compared with 12% of patients (n = 32) who were operated on when they were older than 6 months. This is in accordance with similar age-related rates of reoperation that were described by Seruya et al. 20 There are several hypotheses that could account for the finding of better outcomes in patients who are operated on at a later age. We postulate that following bone remodeling surgery, the rapid, exponential brain growth that occurs during the 1st year of life affects the final shape of the calvaria. Therefore, very early calvarial vault remodeling, such as before 6 months of age, may lead to unpredictable surgical outcomes. Others believe that before 6 months of age, an infant's calvaria lacks the capacity to hold shape or allow for effective use of rigid fixation, therefore potentially increasing the likelihood of future major surgical revisions. 16, 18 Although the biological/physiological drivers behind the increased likelihood of major revision surgery are still unclear, our analysis * Values are numbers of cases (%) unless otherwise indicated. As shown, the most commonly performed procedures by age group were multiple strip craniectomies (< 6 months of age) and anterior cranial vault remodeling (> 6 months of age). The use of hardware, wires, and resorbables was less common in patients under 6 months of age.
Fig. 2.
Whitaker category by patient age at surgery. As shown, the results of surgery in the majority of patients (71%) in our cohort were classified as Whitaker I. Comparison of results in patients operated on when they were younger than 6 months with results in patients operated on when they were older than 6 months showed that the proportion of outcomes classified as Whitaker I/II was greater in the latter group (82% vs 88%, respectively, p = 0.047). does suggest that a delayed approach may be preferable. Our analysis revealed that patients 6 months of age or older at surgery were significantly more likely to require no revisions or only minor revision surgery (Whitaker I/II) than patients who were younger than 6 months of age at the time of initial surgery (Table 3) . In summary, our results support that operating on patients less than 6 months of age increases their likelihood of requiring major revision surgery, whereas operating after 6 months of age decreases that likelihood. Although it has been proposed that patients with more severe disease undergo earlier surgery and that this may impact final surgical outcomes, we were able to indirectly control for severity of disease by accounting for the presence of hydrocephalus or a CSF shunt as covariates. We then hypothesized that perhaps a) the particular suture involved, b) the type of surgical procedure performed, and c) the surgical team performing the surgical procedure, over the course of the 30-year experience at our institution, would affect our results; however, when we performed subgroup analyses of these variables, we were not able to achieve statistical significance. We believe that the low power in our subanalysis precluded determination of which individual factors significantly affected our results. We therefore believe that our results should not be used in isolation to determine the optimal age of surgical intervention in every type of craniosynostosis, but should be used in the wider context to note that if surgical intervention is performed for craniosynostosis before 6 months of age, one should expect a higher likelihood of requiring major revision surgery. Clearly, large multi-institutional studies will be required to determine the impact of age of initial surgery with regard to suture type and surgical technique.
Our study has several limitations that merit consideration. First, we did not assess neurocognitive outcomes. While aesthetic function is very important and can play an important role in the child's psychological well-being, the avoidance of neurological sequelae from increased intracranial pressure must take precedence.
14 Our analysis demonstrates that operating when patients are older produces excellent results and decreases the need for reoperation. However, our study did not explore whether surgical delay impacts neurodevelopment, and there is a paucity of studies that have directly analyzed neurodevelopment with regard to age at surgical intervention. Furthermore, the studies that currently exist are conflicting; Hashim et al. 9 advocate for intervention before 6 months of age, while Arnaud et al. 1 believe that intervention before 1 year of age is sufficient to avoid any neurological sequelae. While these studies are important contributions to the literature and should be considered when determining surgical management, they remain controversial at this time. 6, 23, 29 The data, however, are further complicated by research by Backeljauw et al. 2 that has demonstrated that general anesthesia might negatively affect neurocognitive outcomes in pediatric populations. This finding suggests that optimizing the surgical intervention to perform a single definitive procedure, minimizing the need for reoperation and repeat general anesthesia (as well as the other risks associated with surgery), may result in better neurocognitive outcomes. However, we strongly believe that cranial vault remodeling should be performed regardless of patient age if there is a high risk for negative neurological sequelae (i.e., raised intracranial pressure). To ascertain that the timing of surgical correction is neurologically optimal, further research will be needed. 3, 24 Another limitation was our inability to control for confounders that may have contributed to delayed surgical care, such as national and international referral patterns, patient choice, and surgeon preference. In terms of surgeon preference, however, our surgeons largely followed similar practice patterns, and there were no significant differences in surgical timing or outcomes between surgeons. Additionally, we were not able to identify suture involvement in approximately 69 patients who were included in the analysis; however, since we sought to determine whether timing affected surgical outcomes irrespective of suture type or number of sutures involved, we decided to include these patents in the analysis. Furthermore a subanalysis of these patients showed they may have had more severe disease compared with other patients in the same age category. Thus, excluding these patients from the analysis would have introduced a selection bias to our results by eliminating patients who might have had more severe disease.
Finally, our main surgical outcome metric, the Whitaker category, is a subjective assessment that is extremely useful but is limited by observer bias. Future studies should aim to incorporate objective surgical outcome measurements such as anthropometric data, thereby facilitating preoperative and postoperative cephalometric evaluations.
Conclusions
The optimal timing for surgical intervention in NSC remains controversial with respect to both functional and aesthetic outcomes. It remains unclear what role timing of surgical intervention plays in the neurodevelopment of the infant brain, but it has been suggested that intervening before 12 months of age is sufficient to avoid any nega- * As shown, patients operated on before 6 months of age had decreased odds of being classified as Whitaker I/II compared to patients operated on after 6 months of age. † Significant at alpha < 0.05. ‡ As shown, age less than 6 months at time of surgery was associated with increased odds of requiring major revision surgery (Whitaker III/IV) and decreased odds of requiring no or minor revisions (Whitaker I/II). The following variables were included as covariates in the multivariate analysis: presence of coronal suture fusion, presence of hydrocephalus, presence of a CSF shunt, use of hardware during the surgical procedure, and anterior and posterior cranial vault remodeling.
tive sequelae. Our data demonstrate that patients operated on before 6 months of age have an increased likelihood of requiring major surgical revisions, whereas operating after 6 month of age decreases that likelihood, suggesting that there is benefit in waiting for surgical intervention for NSC, at least with respect to major reoperation rates.
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